We present density functional calculations of the adsorption of a single Au atom on the h-BN/Rh(111) nanomesh and compare it to Au adsorption on a pure h-BN surface. While Au binds only weakly to pure h-BN (similar to graphene) or to BN at the "wires" of the nanomesh, the subsurface Rh atoms in the "pores" of the nanomesh modify the electronic structure of h-BN considerably and Au adsorbs strongly on top of the B atoms. A large outward relaxation of the B atom accompanies the strong covalent interaction and, in addition, the Au atoms are significantly charged. The results provide a first explanation of the ability of the h-BN nanomesh to trap small metal clusters in its pores.
I. INTRODUCTION
The adsorption of hexagonal boron nitride (h-BN) on metal surfaces has been studied for many years both theoretically and experimentally. [1] [2] [3] [4] [5] This interest was driven mainly by the ability of boron nitride to form ultrathin well-ordered monolayers, protecting the underlying substrate against oxidation. Moreover, h-BN was found to bind to a quite large number of substrates, even when the lattice constants of h-BN and the substrate do not match. The prototypical example is the h-BN/Ni(111) interface, which has nice lattice matching and forms a simple epitaxial 1 × 1 structure. It is prepared by thermal decomposition of borazine B 3 H 6 N 3 on a hot Ni(111) surface. Aside from Ni(111), 2,3,6-8 a simple epitaxial 1 × 1 h-BN monolayer was also successfully deposited on Cu(111). 9 It has been confirmed by density functional theory (DFT) calculations that for the commensurate interfaces, the energetically most stable structure have N atoms on top of the metal atoms, while the B atoms can occupy the fcc or hcp positions, 6 leading to two domains those have also been observed experimentally. These h-BN monolayers are not completely flat, but undergo a small buckling of about 0.1Å where the N atoms are pushed away from the surface, whereas the B atoms are attracted by the underlying metal atoms. 6 It is believed that the rigid sp 2 bonds between N and B in the hexagonal plane are not considerably weakened, 3 although the interaction between h-BN and the substrate is relatively strong. 8 In the case of incommensurate interfaces (where the lattice constants of h-BN and the metal substrate do not match), the mismatch can lead to some extraordinary structures. Corso et al. 10 have reported the formation of a self-assembled nanostructure, the so-called nanomesh, on the lattice-mismatched Rh(111) surface with a periodicity of about 3.2 nm. This corresponds to a situation where the lattice of 12 × 12 Rh(111) matches 13 × 13 h-BN cells forming the periodic nanomesh structure, which is caused by the lattice-mismatch between Rh(111) and h-BN as mentioned above. In addition, the nanomesh possesses two distinct h-BN regions: hexagonally arranged pores surrounded by so-called wires with a large corrugation of 1 to 2Å. These pores have a diameter of about 2 nm. 11, 12 Initially, the STM images and the observed σ -band splitting of about 1 eV was explained by a double-layer model, which consists of two, partially incomplete h-BN layers.
Later on, DFT calculations showed that the STM images as well as the splitting of the σ bands can be explained by a highly corrugated h-BN monolayer. 13, 14 In this context, it would be more appropriate to call the nanomesh a strong Moire pattern. In this "single-layer" model, the two regions observed experimentally can be explained by different h-BN adsorption configurations, i.e., the positions of the B or N atoms relative to the underlying metal surface. The "pores" are formed when h-BN stays close to the substrate and N atoms are located close to the top position, whereas the "wires" are regions where h-BN is repelled because N atoms are close to the hcp or fcc position. 13, 15 Since the first discovery of the nanomesh 10 on the Rh(111) surface, similar structures have also been found on Ru(0001), 16 Pd(111), 17 Pd(110), 18 and Pt(111). Aside from h-BN, similar nanostructured patterns have also been found after deposition of graphene on transition-metal surfaces. [19] [20] [21] [22] Both graphene and boron nitride are possible components for engineering future nanoelectronic devices. 23 The local electronic structures of the pores and wires are quite different, which, for example, becomes apparent in the splitting of the σ band by about 1 eV. Therefore, one expects that these regions will also show a different adsorption behavior. In fact, Dil et al. 12 have found that Xe atoms prefer to adsorb at the rim of pores. According to DFT calculations, this area at the borderline between the differently charged pores and wires has a large electric field gradient, resulting in a stronger attraction of the Xe atoms. Recently, this preference was confirmed by Widmer et al. 24 Similarly, molecules such as naphthalocyanine have been successfully deposited on the h-BN/Rh(111) nanomesh 11 and are immobilized within the pores. Moreover, it has been shown that the pores of the h-BN nanomesh on Ru(0001) (Ref. 16) or Rh(111) (Ref. 25) can accommodate Au or Co clusters. 26 The ability to form ordered arrays of small metal clusters, which are prevented to segregate into larger ones because they are trapped within the pores, makes the nanomesh a possible candidate as a nanostructured template for catalysis.
In order to gain some theoretical insight into the adsorption of metal atoms, and as a first step, we investigate in this paper the adsorption of a single Au atom on a surface of bulk h-BN and compare it to the adsorption of Au on the h-BN/Rh(111) nanomesh.
II. STRUCTURE MODELS
The h-BN/Rh(111) nanomesh consists of a 13 × 13 supercell of h-BN on top of a 12 × 12 supercell of Rh(111), 14 and even when the metal is simulated with just three layers, such a structure contains more than 1000 atoms per cell. Such sizes require very large computational resources and thus we approximate in most calculations the large nanomesh unit cell by smaller models in order to save computer time. As already mentioned in the Introduction, h-BN in the pores of the nanomesh is attracted to the metal substrate and stays relatively close to it. In this region, the N atoms are nearly on top of the metal atoms and the B atoms are in fcc positions [black frame in Fig. 1(a) ]. Thus, we will call this configuration as BN(fcc,top) [see Fig. 1(c) ]. In the wire region of the nanomesh, h-BN is repelled from the underlying surface and the h-BN layer is buckled away from the metal. In this case, the B and N atoms are close to the hcp and fcc [light gray frame in Fig. 1(a) ] or top and fcc positions [dark gray frame in Fig. 1(a) (111) to make them commensurate. Both approximations have been investigated and will be discussed later on. Some quantitative differences are present, but the main conclusions do not depend on this choice. The 4 × 4 cell has been chosen in order to ensure that the adsorbed Au atoms are well separated. The metal substrate consists of three layers covered on both sides with a h-BN layer (for inversion symmetry and real matrix elements). A vacuum region of about 15Å separates the h-BN layers. Table I lists in the first two lines the distances of the N and B atoms from the metal surface for the commensurate 4 × 4 unit cells when using the h-BN (this corresponds to compressed Rh) or Rh lattice parameters (stretched h-BN).
In the third line, we give the results for the pores of the full 13 × 12 nanomesh. We observe that both N and B atoms are further away from the surface when the h-BN lattice parameter is used, whereas in the other case, the B-N distance is much too large. The latter influences the BN properties (and thus the Au-adsorption on h-BN) much more than when using the original h-BN lattice parameter. Therefore, we use the h-BN lattice parameter for most of our 4 × 4 supercell calculations.
III. COMPUTATIONAL METHOD
All ab initio calculations have been carried out within DFT using the augmented plane waves plus local orbitals method (APW + lo), 27 as implemented in the WIEN2K package. 28 For some of the investigated structures, van der Waals interactions could be of some importance. In order to check how much the results depend on the exchange-correlation potential, we use the local density approximation (LDA) and the more recent Wu-Cohen (WC) generalized gradient approximation (GGA). [29] [30] [31] Since LDA usually leads to overbinding, but GGAs tend to underbinding, these functionals may set the boundaries for results using a properly van der Waals corrected DFT.
The Brillouin zone was sampled with a 2 × 2 × 1 mesh of k points. In the case of density of states (DOS) calculations, the k-grid was increased to a 4 × 4 × 1 mesh. The APW + lo basis set quality was determined by RKmax 5.0 with muffin-tin radii of 1.17, 0.61, 0.81, and 1.22Å for Rh, B, N, and Au, respectively.
Figure 1(b) shows the three investigated adsorption sites of gold in the three 4 × 4 unit cells: (1) Au on top of a B atom (B top ), (2) Au in the center of a surrounding h-BN ring (BN hollow ), and (3) Au on top of an N atom (N top ). During geometry optimization, the Au atom was allowed to move only vertically, while its planar coordinates were constrained. In case of Au on B top and N top , the N or B atoms directly below Au were also allowed to move only vertically.
The results for the constraint 4 × 4 supercell were verified by a few calculations using the full nanomesh unit cell 13 × 13 h-BN on 12 × 12 Rh(111) [see Fig. 1(b) ]. The model of the nanomesh was taken from the DFT calculations of Laskowski and Blaha.
14,32 Only the 10 closest atoms around a single Au atom were allowed to change their positions to minimize the computational cost. In addition, we also tested a case in which the Au atom was moved to the rim of the pores in order to check whether or not the preferred adsorption site of Au is eventually at an edge of the pores (as for Xe). Such a configuration can not be approximated by the small unit cells.
The adsorption energy (E ads ) is calculated according to
where E Au is the total energy of a single (spin-polarized) gold atom and E Au/h-BN/Rh and E h-BN/Rh are the total energies of h-BN/Rh with and without the gold atom adsorbed, respectively. A positive value means a favorable adsorption.
IV. RESULTS AND DISCUSSION
A series of structure optimizations was carried out using the 4 × 4 supercells described above. Table II 30 we show the results for the LDA exchange correlation functional. We have tested three absorption sites shown in Fig. 1(b) : B-top, N-top, and BN-hollow (in the center of the h-BN ring).
For a pure h-BN surface, the interaction with Au is quite weak and the Au adsorption energy is only 0.36 eV for both, Au on top of N or B, while for the hollow site, the adsorption energy is even a bit smaller. Since h-BN is insulating, the Au atom keeps a small spin polarization. Only for Au in the B-top position is the surface h-BN layer a bit disturbed and the B atom moves 0.1Å toward the Au atom. These results are quite similar to the case of Au adsorbed on graphene. 33 The binding energy of Au on top of a carbon atom is even smaller than that of Au on h-BN, while the Au-C distance is about 2.5Å, a value right in-between the distances of Au-B and Au-N (Table II) . On average, the distance of the Au atom from the surface is reduced by only 0.1Å as compared to the bulk h-BN surface, but on that surface, the Au atom is no longer magnetic. Additionally, it should be noted that we have not taken into account possible van der Waals interactions. Their considerations could have some effect on the small adsorption energies of Au at the bulk h-BN and at the nonbonding h-BN/Rh(111) configurations, but this will not change any conclusions.
However, for the bonding BN(fcc,top) configuration, the adsorption energies increase considerably and there is a clear preference for the Au atom at the B-top position (2.4 eV) as compared to the N-top and hollow sites (1 ∼ .7 eV), respectively. In all cases, the surface B atom(s) close to the Au atom move significantly outward (see Fig. 2 ). For the Au on B-top position (Fig. 2, left) , the B atom moves 0.5Å toward Au, while the neighboring N atom(s) move slightly in the opposite direction. On the other hand, when Au sits on top of N (Fig. 2, middle) , this N atom is pushed down (0.25Å), while the neighboring three B atoms move 0.25Å toward Au. A similar (but weaker) effect can be seen when Au sits in the hollow position (Fig. 2,  right) . Note that, without adsorbed Au atoms, the B and N atoms are slightly buckled in the opposite direction, i.e., the B atom is about 0.1Å closer to Rh than N.
These results reveal a clear trend, namely, that Au atoms will preferentially adsorb on top of B atoms in the pores of the h-BN nanomesh (and not at the wires). Since the adsorption energy of a single Au atom is smaller than the cohesive energy of fcc-Au (3.81 eV), we can expect some aggregation of Au atoms. However, due to the small adsorption energy at the wires of the nanomesh of only 0.7 eV (see Table II ), the diffusion barrier is rather high and may already explain the ability of the h-BN nanomesh to form well-ordered arrays of Au clusters in the pores, which are hindered to segregate at moderate temperatures.
As mentioned in Sec. III, the results might be affected by the choice of the exchange-correlation functional and the in-plane lattice parameter of the h-BN/Rh(111) interface (in the commensurate interface, we can select either the optimized Rh or h-BN lattice parameter). A comparison of the results using two functionals (LDA or WC) and two lattice parameters (Rh or h-BN) for the Au adsorption on the bonding BN(fcc,top)/Rh(111) nanomesh is given in Table III . We observe that LDA leads to a roughly 20%; bigger adsorption energy compared to the WC-GGA. Also, the choice of the surface lattice parameter affects the energies by about 20%;. The interface with the compressed metal surface (h-BN lattice parameter) leads to bigger adsorption energies. The trends are similar for other adsorption configurations and interfaces. As expected, LDA always leads to slightly smaller bond distances. On the other hand, the smaller h-BN lattice parameter causes larger Au-B(N) distances for the corresponding Au-top configurations. This effect is in particular large for the rather long N-Au distance in the N-top configuration. On average, the effects are not negligible on a quantitative level, but qualitatively there is no change and thus the specific choices do not affect the final conclusions. As will be seen at the end of this chapter, calculations using the h-BN lattice parameters agree better with the results obtained for the full nanomesh.
The electronic structure of bulk h-BN can be characterized by bonding (occupied) and antibonding (unoccupied) σ (p x and p y ) and π (p z ) states. The σ states have obviously a much larger bonding-antibonding splitting and thus are much lower (higher) in energy than the corresponding π states. Around the Fermi energy (E F ), the π states dominate. Due to the different electronegativity of B and N, the N-p z states dominate at the valence-band maximum (VBM), while the conductionband minimum (CBM) has stronger B-p z character. In GGA calculations, the gap in bulk BN is about 4.2 eV [ Fig. 3(a) ]. The bonding of h-BN to the metal surface is driven by the hybridization of the N-p z and B-p z states with the metal d z 2 states. 15 As a result, the p z projected DOS in the various h-BN/Rh(111) interfaces are eventually modified compared to pure h-BN. Fig. 3(d) ] and, in particular, the N-p z states are spread out over the whole energy range due to strong bonding-antibonding p z -d z 2 interactions with the Rh states. Due to these interactions, the distance between the h-BN and the metal surface is quite small for the bonding configuration, resulting in a sizable charge transfer toward the h-BN. 32 Of course, these modifications of the BN electronic structure affects the adsorption of a Au atom on h-BN and explains the strong preference to adsorb only in the nanomesh "hole" areas.
In order to gain further insight into the bonding of a Au atom to the h-BN/Rh(111) nanomesh, we first look at the projected density of states corresponding to the N-p z , B-p z , and Au-d character (Fig. 4) . Here, we focus only on the bonding BN(fcc,top) configuration. In all cases, the partial Au d xy and d x 2 −y 2 DOS exhibits sharp peaks around −2.5 eV but hardly any signs of interactions with h-BN orbitals. More interesting is the Au-d xz , −d yz , and −d z 2 DOS. When Au sits on top of B [B top adsorption site, Fig. 4(a) ], the Au-d z 2 DOS is fairly broad and seems to coincide with both B and N-p z states (peaks around −3.5 and +2 eV), indicating a covalent interaction between these orbitals with splittings into bonding and antibonding states. The latter are unoccupied, but notice the largely enhanced scale for this part of the DOS (Fig. 4) .
Later on, we will use the charge density to get more insight into the bonding or antibonding character of this interaction. For the N-top site [ Fig. 4(b) ], the Au-d z 2 projected DOS is localized closer to E F and has a smaller splitting (at −2.7 eV and just above E F ). Furthermore, it coincides only with N-p z states, but not with B-p z . For the hollow site [BN hollow , Fig. 4(c) ], there is hardly any coincidence with N or B states in the occupied part of the DOS, resulting in a very sharp peak at about −2.5 eV. On the other hand, the situation for the Au-d xz , d yz states is basically inverted. For Au on the B-top site, there is not much interaction between these states and B or N-p z , and these states are fully occupied. However, for N-top and hollow sites, these states are broader in the occupied region and in addition there is substantial DOS in the unoccupied region (around 2 eV), coinciding mainly with B-p z states.
While the DOS analysis can only provide hints about possible covalent interactions due to common peaks, it can not tell whether this interaction is bonding or antibonding. For this purpose, one needs to investigate either directly the (complex) wave function of selected states or one can check the electron density calculated from states in a certain energy window below and above E F . Figures 5(a) and 5(b) show the densities originating from states in energy regions −9 to −4 eV, and −4 eV to E F , respectively. In the lowest-energy region [ Fig. 5(a) ], the B-N σ bands dominate as indicated by the high density between these atoms. Nevertheless, both B and N atoms have a bonding interaction with the Au atom in all three geometric configurations. However, the Au character is rather weak (actually, it is so small that in this energy region, the Au partial DOS is hardly visible in Fig. 4 ), but still one can see that the charge density between B and Au is larger than between N and Au, a feature that is in particular visible for Au in the BN-hollow site. The electron densities for the energy range from −4 to 0 eV [ Fig. 5(b) ] are very different. There is a large density around Au (evident also from the partial DOS in Fig. 4) , and between Au and B there is always a strong bonding interaction, while between N and Au we observe a clear minimum in the charge density, indicating predominantly antibonding character. This is in line with the fact that the favorable adsorption site of a Au atom is on top of B. The charge densities for states above the Fermi level are shown in Fig. 5(c) and indicate an antibonding character for all Au-(B, N) interactions.
The Au-BN interaction is not only of covalent character, but there is also a significant charge transfer. There is no unique way to assign charges to the different atoms in a compound, but here we use an integration over the atomic basins as defined by Bader 34 (a surface around a nucleus, where the flux ∇ρ. n = 0 is zero). However, in this method, already the superposition of neutral densities can give a significant charge transfer and thus we take the difference between the self-consistent density and the density obtained from a simple superposition of neutral atomic densities. In that way, we can remove the part stemming from overlapping densities and obtain a more realistic estimate for the real charge transfer. For instance, in bulk h-BN, the superposition of neutral atomic charge densities leads to Bader charges of ±1.50e − , while the self-consistent charges are ±2.20e − and thus the charge redistribution due to chemical bonding is with 0.70e − significantly smaller than the bare Bader charges. If a gold atom adsorbs on bulk h-BN, there is a small charge transfer of about 0.1e − and the Au atom gets slightly negatively charged. The charge transfer is largest for Au on top of N and a bit smaller for other sites. A similar small charge transfer toward Au was also found for the Au/graphene system. 33 On the other hand, when Au absorbs on the h-BN/Rh(111) nanomesh, there is a significantly larger charge transfer (about −0.7e − for Au on B top, but only about −0.5e − for the other Au positions). The charge is coming predominantly from the N and B atoms nearest to the Au atom.
The model calculations presented above clearly indicate that the most favorable Au adsorption site is on top of the B atom when BN is in the bonding (fcc,top) position above Rh. This would predict that Au adsorption in the nanomesh pores is most favorable, and we have verified this conclusion by a few calculations using the full 13 × 12 h-BN/Rh(111) nanomesh unit cell. In these cases, Au was placed at the optimal B top site in the center of the nanomesh pore [corresponding to the B-top/BN(fcc,top)/Rh(111) configuration of the 4 × 4 model supercell]. The calculation has been performed using the WC exchange-correlation functional and the optimization was carried out until the changes in the positions between two geometric iteration steps was below 0.01Å. The calculated binding energy is around 2.4 eV, which is a bit larger than from the (4 × 4 supercell) model calculations (1.98 eV). The vertical displacement of the B and N atoms due to the presence of the Au is close to +0.5 and −0.05Å, respectively, while the distance between the Au atom and the nearest B and N is 2.16 and 2.96Å, respectively. The geometric changes induced by Au in the h-BN nanomesh are very close to the results calculated with the smaller 4 × 4 supercell (Table II) . Actually, the geometric differences due to the use of the WC or LDA functional for the 4 × 4 Rh(111) h-BN unit cell are already bigger than between the 13 × 12 h-BN/Rh(111) nanomesh unit cell and the much smaller 4 × 4 h-BN/Rh(111) h-BN unit cell when using the identical functional, which justifies its usage for the screening of possible interaction sites.
Widmer et al. 24 have reported that the preferred adsorption site of Xe atoms is at the rim of the pores due to the strong electric field present there. It should be noted that the adsorption mechanism of Xe and Au on the nanomesh is very different as the adsorption of Xe is driven solely by van der Waals interactions. In order to verify that for Au some strong covalent interactions dominate, and since it is not possible to describe the rim of the pores by some small model systems, we have also calculated the adsorption of the Au atom on the rim of the full 13 × 12 h-BN/Rh(111) nanomesh. The resulting adsorption energy of 2.00 eV (WC-GGA) is smaller than the one calculated in the center of pore (2.40 eV at the B top site) and indicates that Au atoms should be trapped in the pores and the adsorption mechanism of Au is different from that of Xe.
V. CONCLUSION
We have shown above that the Au atom binds to the h-BN/Rh(111) nanomesh. This interaction is indeed much stronger than to the bulk h-BN. Moreover, the adsorption seems to be selective with respect to the regions of the nanomesh structure. Clearly, the nanomesh pore regions seems to be the preferred site for the adsorption in this case. More specifically, the Au atom binds strongest to the B atom, when h-BN is close to the (fcc,top) configuration on Rh(111) and bonding should be so strong that the atoms are fairly immobilized at not too high temperatures. The binding mechanism involves hybridization of the Au-d z 2 with B-p z orbitals and an additional charge transfer toward Au. For the less stable N-top and hollow adsorption sites, the Au-d xz ,d yz orbitals participate also in the bond formation.
